The manganese bioleaching process of pyrolusite from Kliripan, Indonesia using Acidithiobacillus sp KL3 was investigated. The influence pulp densities of pyrolusite (0.01, 0.02, 0.03 and 0.05 g/cm 3 ) on the bioleaching processes were studied for 16 days. The reduction on pH values, the increasing of oxidation-reduction potential (ORP), sulfate and manganese concentration were analyzed. The manganese bioleaching mechanism of pyrolusite by the strain was monitored using Scanning Electron Microscope-Energy Dispersive-X-ray Spectroscopy (SEM-EDX). The results indicated that 0.02 g/cm 3 of pyrolusite was considered to be the optimal pulp density for manganese bioleaching process. During this process, pH values decreased, furthermore resulted in increasing of ORP, the concentration of sulfate and manganese. SEM-EDX analysis clearly showed the evidence of directly bacterial cell attachment into the surface of pyrolusite. Extracellular polymeric substances (EPSs) were further founded on that surface. Sulfur elemental was oxidized by the strain which was then confirmed of resulting in solubilized manganese.
■ INTRODUCTION
Pyrolusite is the most common ore that is widely processed to produce manganese. This manganese is a valuable metal with a wide range of applications in various industries, such as steel, pharmaceuticals, glass, fertilizer and dyes materials [1] [2] . In recent years, for extracting that manganese metal from the ore, bioleaching is an innovative biological treatment to be applied in industrial scale. Compared to the traditional mining procedures, it does not need high energy and does not produce toxic pollutants [3] [4] [5] [6] [7] . The reserve of manganese metal located at Kliripan, Kulon Progo, Yogyakarta, Indonesia is found in its oxide form as pyrolusite. This deposit was discovered in the form of secondary manganese sediment which was the result of decomposition of volcanogenic manganese sediment a hundred years ago [8] [9] . This valuable manganese can be extracted using bioleaching processes which are carried out by groups of iron and sulfur-oxidizing microorganisms.
These microorganisms transform solid compounds, resulting in solubilized metals [10] [11] . These microorganisms include genus of Acidithiobacillus, Leptospirillum, Acidianus, Metallosphaera, Sulfurisphaera, Ferromicrobium, and Sulfobacillus. They are chemoautotrophic microorganisms which use CO2 from the atmosphere and obtain energy by oxidation of Fe 2+ or reduced sulfur compound [12] [13] [14] .
According to the previous investigations, the rate of manganese bioleaching depends on the several factors, including manganese ore source characteristics, influence pulp densities of pyrolusite, the composition of the leaching solution, and the activity of the selected strain [14] [15] . Previously sulfur-oxidizing bacteria species Acidithiobacillus sp KL3 has been isolated from sulfurous river sediment located at Ungaran, Middle of Java, Indonesia. In order to great understanding of the activity of indigenous Acidithiobacillus sp KL3 during bioleaching, various pyrolusite concentrations can be considered. Investigations reported bacterial bioleaching of pyrolusite from Kliripan had not been analyzed. Therefore, it is important to conduct its investigation. The purposes of this research were to investigate the effects of influence pulp densities of pyrolusite on the behavior Acidithiobacillus sp KL3 strain and to analyze the mechanism of physicochemical alterations of pyrolusite during bioleaching. Their alterations were evaluated based on the interaction between the strain and pyrolusite surface following reactions occurred there which resulted in manganese bioleaching.
■ EXPERIMENTAL SECTION

Materials
The indigenous bacterial chemolithotrophic strain belonging to the species Acidithiobacillus sp KL3 was isolated from sulfuric sediment river at Ungaran, middle of Java, Indonesia. The isolate was grown in 100 mL of Fe9K medium at 30 °C and maintained by being transferred to fresh liquid medium every two weeks [16] . The medium of Fe9K was prepared by adding FeSO4·7H2O (30 g L -1 ) to a 9K medium that contained (L -1 ) 4.25 g (NH4)2SO4, 0.14 g KCl, 0.07 g K2HPO4, 0.7 g MgSO4.7H2O, and 0.02 g Ca(NO3)2·4H2O. The pH of its medium was adjusted to pH 6.0 with 10 N H2SO4 solution. After the culture has reached its logarithmic phase growth, its culture further used for bioleaching experiment.
Pyrolusite as ore sample was obtained from Kliripan, Kulon Progo, Yogyakarta, Indonesia containing 25% Mn, 30.4% Fe and 34.0% S. The samples were ground to 0.16-0.125 mm grain size. These samples were then used as a substrate for the bioleaching investigation.
Instrumentation
Spectrophotometer Shimadzu UV-1601 was used for analyzing of sulfate concentration. Absorption Spectrophotometer (AAS ContAA 300 Jena) was used for measuring of dissolved manganese concentration. Scanning Electron Microscope-Energy Dispersive X-ray Spectroscopy (SEM-EDX) (JEOL JSM-T300) was used for investigating the changes in both morphological and elemental characters of pyrolusite surface during manganese bioleaching experiments. Other equipment such as analytical balance, the micropipettes, oven, hot plate with a stirrer, pH meter, and ORP meter were used for all measurements.
Procedure
Adaptation tests for toxicity assessment
Previously, the bacterial strain was acclimatized to pyrolusite in an adaptation period to increase the tolerance of the cells culture to manganese toxicity in the pyrolusite. To determine the maximum tolerance of the bacteria, the variation pulp densities of pyrolusite (0.01, 0.02, 0.03, 0.05, 0.06 and 0.07 g/cm 3 ) were added in the culture, then agitated at 120 rpm and incubated at 30 °C for an adaptation period. During that period, the bacterial growth was observed and determined its maximum tolerance to pyrolusite pulp densities. These pulp densities of pyrolusite treatment which bacterial growth has been successively adapted then were selected for further bioleaching experiment.
Bioleaching experiment
Three sets of leaching test were performed in 250 mL Erlenmeyer flasks containing 100 mL 9K medium. Pyrolusite was then added to each of those flasks at pulp densities of 0.03, 0.02, 0.03 and 0.05 g/cm 3 . A bacterial culture that reaches logarithmic phase growth was inoculated into the leaching flask. The initial bacterial cell density inoculated was approximately 10 6 CFU which reached its logarithmic phase growth [17] . The culture was then agitated at 120 rpm and incubated at 30 °C for 16 days. During the regular time of intervals incubation (0, 2, 4, 6, 8, 10, 12, 14 and 16 days), 2 mL of sample from the flask experiment was filtered and monitored for dissolved manganese concentration. Oxidation-reduction potential, pH and sulfate concentration of the sample was also analyzed. Sulfate concentration was measured based on the turbidimetric assay using spectrophotometer at a wavelength of 420 nm [18] . Dissolved manganese was analyzed using an atomic absorption spectrophotometer, by flame atomic absorption spectrometry (FASS) in air/acetylene flame. The device working parameters (air, acetylene, optics, and electronics) were adjusted for maximum absorption for each element. Under the optimum established parameters, standard calibration curves for metals were constructed by plotting absorbency against dissolved manganese concentration [19] .
Morphological and elemental analysis of pyrolusite surface during manganese bioleaching
The changes in both morphological and elemental characters of pyrolusite surface at the time intervals of bioleaching investigations (0, 9, and 16 days) were observed under SEM-EDX. Previously, pyrolusite samples were prepared by washing three times with deionized water, then fixed using 2.5% (v/v) glutaraldehyde for 24 h at 4 °C. Finally, samples were dehydrated over an ethanol gradient and coated with gold under vacuum condition [20] . The surface morphology of those prepared samples was investigated by an SEM. The surfaces elemental analyses of Mn interacted in the samples were carried out by Energy dispersive X-ray elemental X-ray microanalysis (EDS).
Statistical analysis
All the experiments were performed in triplicate determinations. The results of those experiments were presented as the means ± standard deviations. Therefore, differences among the values were statistically determined by the analysis of variance (ANOVA) at a significance (p < 0.05). The significant differences among samples were analyzed by the Duncan Multiple Range Test (DMRT).
■ RESULTS AND DISCUSSION
Adaptation of the Bacterial Culture at Variation Pyrolusite Pulp Densities
Results adaptation test of the bacterial strain in the medium 9K added variation pyrolusite pulp densities was displayed in Fig. 1 . In this investigation, the bacteria had reached the lag phase of growth was approximately 10 2 CFU. This number of cells indicated that bacteria had been successively adapted in the medium added pyrolusite pulp densities. The times were required for adaptation of bacteria culture added pyrolusite pulp densities of 0.01, 0.02, 0.03 and 0.05 g/cm 3 were 4, 9, 14 and 7 days, respectively. These increases in the times required to adaptation were due to the manganese toxicity increased at higher pyrolusite pulp density. It showed that the strain could tolerate a high range of pyrolusite pulp densities. However, the strain could not tolerate and grow at pyrolusite pulp densities of 0.06 and 0.07 g/cm 3 even though the time was extended to 20 days incubation. The pyrolusite pulp densities of 0.01, 0.02, 0.03 and 0.05 g/cm 3 then were used for the further experiment.
Effect of Pyrolusite Content on pH, ORP and Sulfate Concentration in Bioleaching Experiment
Results of the observations on the effect of the pyrolusite content on pH, ORP and sulfate concentration in bioleaching experiment using indigenous Acidithiobacillus sp KL3 were shown in Fig. 2 . During this process, the strain oxidized and remove elemental sulfur of manganese ore to H2S, generating in the decreasing of pH value and manganese solubilization. From this figure, there were decreasing in pH of all treatments from 5.5-2.4, then achieving the final stable pH value in the range of 1.3-2.4. The more rapid reduction in pH was investigated in the treatment of pyrolusite pulp densities 0.02, followed by 0.01, 0.03 and 0.05 g/cm 3 , respectively. In this experiment, its bacterial activities were indicated by an increase in oxidationreduction potential (ORP) values. The faster increase in ORP value was measured in the treatment of pyrolusite pulp densities 0.02, followed by 0.01, 0.03 and 0.05 g/cm 3 , respectively. The increasing of ORPs values had a positive correlation with the increasing of sulfate accumulated. Therefore, the higher the ORP value induced the increasing sulfate accumulation. In comparison with other treatments, 0.02 g/cm 3 pyrolusite resulted in the highest sulfate production. There were monitored that H2SO4 as a final metabolic product released by the strain into the culture media gradually increased considerably during its contact time with manganese ore for all treatments. Those H2SO4 accumulated in the culture showed highest measured at the treatment of pyrolusite 0.02, followed by pyrolusite 0.01, 0.03 and 0.05 g/cm 3 . This measurement indicated that pyrolusite content at a higher concentration than 0.03 g/cm 3 caused negative effects for bacterial leaching activity.
Effect of Pyrolusite Content on Manganese Bioleaching Experiment
The experimental results on the effect of the pulp densities in the manganese bioleaching were displayed in Fig. 3 . As follows from the results, the manganese leaching from pyrolusite tested increases with increasing its pulp densities (0.02 g/cm 3 of pyrolusite induced higher manganese leaching than 0.01 g/cm 3 ). However, pyrolusite pulp densities higher than 0.02 g/cm 3 (0.03 and 0.05 g/cm 3 ) caused lower manganese leaching. These results similar to the previous result reported that pyrolusite pulp density more than 0.07 g/cm 3 reduced metal solubilization [21] . Another researcher, Foulkes et al. [22] investigated that pyrolusite pulp density more than 0.06 g/cm 3 declined significantly of Cu and Pb solubilization. These phenomena indicated that pyrolusite pulp density impacted on sulfur content. As reported by Chen and Lin [23] , higher sulfur concentration given in the leaching experiment could inhibit the growth and activity of strain, thus impacted on the decreasing manganese solubilization. It was measured that the highest efficiently of manganese solubilization was obtained at 0.02 g/cm 3 pyrolusite.
From Fig. 3 , it can be seen that the leaching of manganese rose at an enhanced time. The percentage of manganese leaching increased sharply on all treatments and reached a peak at 10 days investigation. After 10 days of leaching, they have not detected manganese leaching. This results indicated that bacterial growth had already reach stationary phase and continue for the death phase. Therefore the manganese leaching processes were stopped.
Morphological and Chemical Characteristics of Pyrolusite Surface during Manganese Bioleaching
The differences pyrolusite surface during bioleaching experiment have been observed using SEM analysis. The images obtained revealed the evidence about the attack and interactions between the strain and pyrolusite (Fig. 4 ). Its figure exhibited that pyrolusite was degraded during the observed time intervals (0, 9, and 16 days). Initially, pyrolusite samples did not show any defects on their surface which was quite uniform, with few cracks and pits. After 9 days of leaching process, several pits appeared on the surface. These pits became larger with increasing leaching time (16 days) then followed by attached and growing the bacterial cells, producing exopolysaccharide covering on the mineral surface. Rod-shaped bacteria was observed clearly in this experiment. The exopolysaccharide excreted by bacteria during the leaching experiment induced the formation of precipitates of Fe 3+ which observed at 16 days investigation. This investigation was similar to the previous investigation reported that the high amount of EPS complexed Fe 3+ production by Thiobacillus delicatus during the bioleaching experiment [24] . The SEM analysis results confirmed the assumption that the strain bacteria play a role in the direct mechanism of bioleaching by producing exopolysaccharide on the surface of pyrolusite. This observation was in accordance with the bioleaching mechanism of arsenopyrite and pyrite [25] [26] [27] . A similar result has also reported evidence of the direct mechanism of both pyrite and low-grade pyrolusite during bioleaching investigation [28] . All those investigations explained the direct mechanism of bacterial bioleaching by starting attachment of bacteria cells on the mineral ore surfaces. These attachments generated the physical contact between cells and mineral ore surfaces. Therefore, they produced exopolymeric substances and reacted with Fe 3+ compounds in the mineral ores, finally induced Fe-rich secondary precipitates in the samples [29] [30] .
The transformation of element compositions in the mineral ore during the bioleaching experiment which determined by EDS-X ray microanalysis was shown in Table 1 . This result revealed the evidence of the indirect mechanism of manganese solubilization process which was leached from the surface of mineral ore. The Mn/S ratio of non-leached pyrolusite sample was higher than of the leached one. Moreover, this ratio has gradually decreased to 0.23 and 0.12 which investigated on 9 and 16 days of leaching process. These results described the mechanism of pyrolusite bioleaching that was started by destructing of that ore, then followed by solubilizing of Mn, further induced the changes of sulfur compounds into the precipitated form. This investigation was positively correlated with the reducing of the sulfur element at 9 days of leaching incubation, then drop at 16 days. In addition, during that 16 days leaching incubation, there were observed the alteration of both O and C atomic percentage between the leached samples and the nonleached samples. The raising sharply of O atomic percentage exhibited the oxidation process of surface mineral ore during bioleaching experiment. In addition, the percentage of C atomic also increased during that experiment which indicated the probability of exopolysaccharide polymers production by the strain as previously seen in SEM analysis. Therefore, this study demonstrated that a combination direct and indirect mechanism was probably responsible for manganese bioleaching by Acidithiobacillus sp KL3.
■ CONCLUSION
Pyrolusite of 0.02 g/cm 3 was the best pulp density for bioleaching process of Acidithiobacillus sp KL3 for manganese bioleaching. During this process, pH values decreased, furthermore resulted in increasing of ORP, the concentration of sulfate and manganese. SEM-EDX clearly showed the bioleaching mechanisms which was started by bacterial attachment into the surface of pyrolusite, then induced the cell to produce exopolysaccharide polymers. Indirect mechanism of bioleaching further resulted in the manganese dissolution. Sulfur elemental in the pyrolusite was oxidized by the strain which was then confirmed of resulting in solubilized manganese.
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